Rhodococcus equi is an opportunistic human pathogen associated with immunosuppressed people. While the interaction of R. equi with macrophages has been comprehensively studied, little is known about its interactions with non-phagocytic cells. Here, we characterized the entry process of this bacterium into human lung epithelial cells. The invasion is inhibited by nocodazole and wortmannin, suggesting that the phosphatidylinositol 3-kinase pathway and microtubule cytoskeleton are important for invasion. Pre-incubation of R. equi with a rabbit anti-R. equi polyclonal antiserum resulted in a dramatic reduction in invasion. Also, the invasion process as studied by immunofluorescence and scanning electron microscopy indicates that R. equi make initial contact with the microvilli of the A549 cells, and at the structural level, the entry process was observed to occur via a zipper-like mechanism. Infected lung epithelial cells upregulate the expression of cytokines IL-8 and IL-6 upon infection. The production of these pro-inflammatory cytokines was significantly enhanced in culture supernatants from cells infected with non-mucoid plasmid-less strains when compared with cells infected with mucoid strains. These results demonstrate that human airway epithelial cells produce pro-inflammatory mediators against R. equi isolates.
INTRODUCTION
Rhodococcus equi is a globally distributed Gram-positive soil bacterium. Although foals are the primary host, other animals, including pigs, goats and cattle, are also sporadically infected (von Bargen & Haas, 2009 ). In addition, R. equi causes tuberculosis-like pneumonia with a high case-fatality rate in immunocompromised humans, principally HIV patients (Corti et al., 2009; Topino et al., 2010) . Endocarditis, brain abscesses and other infections have also been associated with R. equi infection (Yamshchikov et al., 2010) . Inhalation of contaminated aerosols appears to be the predominant form of transmission of Rhodococcus, and most cases have pulmonary involvement (Weinstock & Brown, 2002) . An understanding of the lung persistence strategies and the mechanisms underlying the host responses is crucial for better understanding of the pathogenesis of R. equi infections in humans. Despite the virulence of this pathogen in foals linked to the presence of large plasmids (von Bargen & Haas, 2009) , the virulence factors of R. equi remain limited. In non-horse hosts, a plasmid variant encoding VapB, a VapA-related surface antigen of larger size, has been identified (Byrne et al., 2001) . Lack of detection of VapA/ B is relatively common in non-horse isolates and is associated with the absence of virulence plasmid (von Bargen & Haas, 2009 ). Both humoral and cellular immune responses can contribute to host defence against R. equi, with activated macrophages being the most important cell type involved (Madigan et al., 1991; Kanaly et al., 1996) . While the interaction of R. equi with these phagocytic cells has been comprehensively studied, little is known about its interactions with non-phagocytic cells. Recently, we described the ability of R. equi to invade and survive in cultured human epithelial cells (Ramos-Vivas et al., 2011) . Although the relevance of in vitro epithelial cell invasion to R. equi pathogenesis is not known, hiding in epithelial cells would give R. equi the opportunity to escape from the cellular and humoral immune mechanisms. In an attempt to further understand R. equi pathogenesis in humans, we evaluated the ability of R. equi strains to adhere to, and to invade, human alveolar epithelial cells. We also characterized the influence of intracellular location on immunoregulatory cytokine expression by epithelial cells.
METHODS
Bacterial strains. Three R. equi clinical strains isolated from human patients in several Spanish hospitals were used (RE23, RE37 and RE55). Strains RE23 and RE37 are low-adherent and low-invasive strains, and RE55 is a high-adherent and invasive strain. R. equi 103 + was isolated from a foal with R. equi pneumonia (de la Peña-Moctezuma & Prescott, 1995) . The isogenic but avirulent strain R. equi 103 2 has been cured of the virulence-associated plasmid (Fernandez-Mora et al., 2005) and has a non-mucoid phenotype. Strain RE55 also does not carry a virulence plasmid and also has a non-mucoid phenotype. Molecular typing of R. equi strains was performed using the TRAVAP system as described previously (Ocampo-Sosa et al., 2007) . Bacteria were cultured in brainheart infusion broth (BHIB) or blood agar (BA) at 37 uC, and frozen at 280 uC with 15 % glycerol. All strains were confirmed as R. equi by 16S rRNA gene sequencing (Pilares et al., 2010) .
Biofilm formation. Quantitative estimation of biofilm formation was performed by the method of O'Toole and Kolter (1998) with some modifications. R. equi strains were grown on BA for 36 h at 37 uC, and a suspension from two to three colonies was prepared in PBS [optical density at 600 nm (OD 600 ) of 0.05]. Twenty microlitres of the R. equi suspension was placed in each well of a U-bottomed 96-well plate containing 130 ml culture medium and incubated for 48 h at 37 uC. After the medium had been discarded by inverting the plate and tapping on absorbent paper, wells were rinsed three times with distilled water (each with 200 ml per well) and the remaining adherent bacteria were stained for 12 min with 170 ml crystal violet (CV; 0.7 % w/v solution) per well. Excess stain was removed by washing three times with distilled water (each with 200 ml per well). CV was extracted with an ethanol/acetone solution (80 : 20, v/v) and the plates were incubated at room temperature in an orbital shaker for 1 min at 400 r.p.m. to release the dye into solution. A sample of 100 ml was then transferred to another 96-well flat-bottomed plate and the amount of dye (proportional to the density of adherent cells) was quantified at OD 620 using a microplate reader. For each experiment, correction for background staining was made by subtracting the value for CV bound to uninoculated control wells. The biofilm assay was performed three times, with eight wells per strain in each assay. Biofilm formation was also qualitatively analysed using scanning electron microscopy (SEM) and CV staining in 48-and 24-well plates.
Adherence and invasion experiments. Adherence and invasion experiments for strains RE23, RE37 and RE55 were performed as described previously (Ramos-Vivas et al., 2011) and were based on a modification of the quantitative protection assay described by Isberg & Falkow (1985) . The human lung epithelial A549 cell line was grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % fetal calf serum and 2 mM L-glutamine. Strains of R. equi were cultured in 10 ml BHIB at 37 uC with moderate shaking at 175 r.p.m. For infections, bacterial suspensions were prepared to a final concentration of 4610 9 c.f.u. ml
21
. Five microlitres of bacterial culture was added to each well containing A549 cells and the mixtures centrifuged for 4 min at 200 g prior to the incubation to promote adherence of bacteria to cells and to synchronize infections. The exact number of c.f.u. inoculated per well was determined by serial dilution in PBS and plating on BA. Our standard conditions resulted in an m.o.i. of~100 : 1 (bacterium : eukaryotic cell ratio). Infected cells were incubated at 37 uC with 5 % CO 2 . For quantification of intracellular bacteria (invasion assay), external non-adherent bacteria were removed by washing the cells four times with PBS, after which the cells were incubated for 2 h with DMEM containing vancomycin (50 mg ml 21 ), and then disrupted by addition of 100 ml Triton X-100 (1 % in PBS). Serial dilutions of the disrupted mixture were plated onto BA and incubated for 48 h at 37 uC. For quantification of extracellular bacteria (adherence assay), we subtracted the number of intracellular bacteria (determined by c.f.u. ml 21 ) obtained after killing extracellular bacteria with vancomycin (invasion assay) from the total bacteria recovered in the absence of vancomycin. For prolonged intracellular survival experiments, after extracellular killing of bacteria by vancomycin, cells were washed and culture medium was replaced by medium containing 5 mg vancomycin ml 21 , incubated for a further 22 h, and lysed as described before. After this time, number of viable bacteria was counted.
SEM. Coverslips with attached infected cell cultures were fixed in icecold 3 % glutaraldehyde for 20 min at 4 uC. Samples were dehydrated in a series of graded acetone, dried by the critical point method and coated with gold in a Fine Coat Ion Sputter JFC-1100 (JEOL, Ltd). For SEM studies of biofilms, bacteria were fixed directly inside the microtitre plates after removing culture media and washing. The entire wells were fixed with 3 % glutaraldehyde in PBS at 4 uC for 1 h, dehydrated in a graded ethanol series, dried by the critical point method and coated with gold. The samples were observed with an Inspect S microscope (FEI Company) working at 15 KV or 20 KV.
Immunofluorescence assays. For immunofluorescence experiments, we took advantage of our polyclonal antibody against R. equi (RamosVivas et al., 2011). This antiserum reacted very efficiently and equally well with the five R. equi strains used. Secondary antibodies conjugated to Alexa Fluor 594 or Alexa Fluor 488 goat anti-rabbit IgG were purchased from Invitrogen. Fluorescently labelled phalloidin (Atto-phalloidin 48; Sigma), which binds polymerized f-actin, was used to identify actin filaments and fibres. After washing, coverslips were mounted on glass slides with Fluoroshield mounting medium with DAPI (Sigma-Aldrich). Immunofluorescence micrographs were captured using a Zeiss Axiovert 200 microscope and acquired using a Zeiss AxioCam HRc digital camera. Samples for confocal microscopy were prepared as for standard immunofluorescence studies. Confocal micrographs were obtained with a Nikon A1R confocal scanning laser microscope equipped with 403 nm, 488 nm and 561 nm lasers.
Effect of immune sera and biochemical inhibitors on R. equi invasion. We pretreated the strain RE55 with the polyclonal antiserum in order to define more clearly the role of specific antigens in the adherence of R. equi. Before adherence assays, the strain was preincubated 1 : 1 (v/v) with rabbit antiserum for 30 min at 37 uC under static conditions. After preincubation with heat-inactivated antiserum (56 uC for 30 min), bacterial suspensions were prepared, used to infect cells as described above and processed for standard adherence assays.
Requirements for invasion were studied by adding individual inhibitors to cells. Nocodazole and wortmannin were stored as stock Induction of proinflammatory cytokines by R. equi solutions in DMSO and diluted to 100 nM and 20 mM, respectively, for cell pretreatment. After 30 min of incubation with each inhibitor, cells were infected as described above, and inhibitors were maintained throughout the 2 h invasion period. We confirmed that the inhibitor did not affect cell viability using trypan blue exclusion or bacterial viability by plating experiments.
Detection of soluble cytokines in culture supernatants using a Cytometric Beads Array. The quantitative determination of proinflammatory cytokines production in supernatant of infected cultures was performed using a BD Cytometric Bead Array (CBA) Human Inflammation kit (BD Biosciences). This assay contains six bead populations with distinct fluorescence intensities which have been coated with capture antibodies specific for IL-12p70, tumour necrosis factor (TNF), IL-10, IL-6, IL-1b and IL-8, and allows all these cytokines to be measured in a single sample. The fluorescence produced by CBA beads was measured on a FACScalibur flow cytometer (BD) and was analysed using Software CBA Folder Excel 98 (BD Biosciences). Detection limits were 1.9 pg ml 21 for IL-12p70, 3.7 pg ml 21 for TNF, 3.3 pg ml 21 for IL-10, 2.5 pg ml 21 for IL-6, 7.2 pg ml 21 for IL-1b and 3.6 pg ml 21 for IL-8.
Real-time quantitative PCR. Quantification of IL-6 and IL-8 mRNA levels was conducted by real-time quantitative PCR and the following intron-spanning primers: IL-6 sense, 59-CAATCTGG-ATTCAATGAGGAGAC-39, and antisense, 59-CTCTGGCTTGTT-CCTCACTACTC-39; IL-8 sense, 59-GAATGGGTTTGCTAGAATG-TGATA-39, and antisense, 59-CAGACTAGGGTTGCCAGATTTAAC-39. As internal controls, we amplified the human housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and b-actin using primers: GAPDH sense, 59-GAAATCCCATCACCATCT-TCCAGG-39, and antisense, 59-GAGCCCCAGCCTTCTCCATG-39; and b-actin: sense, 59-GCCAACCGCGAGAAGATGA-39, and antisense, 59-CATCACGATGCCAGTGGTA-39.
RNA was purified from A549 cells after 24 h of infection with R. equi strains using TRIzol (Invitrogen) and treated with Turbo DNase (Ambion) following the manufacturer's instructions. cDNA was obtained by retrotranscription of 200 ng total RNA using the iScript cDNA synthesis kit (Bio-Rad). Real-time PCR was performed using the Sso Fast Evagreen MasterMix in a CFX96 system (Bio-Rad). Specificity of PCR products was determined by melting curve analysis and amplification products were resolved on a 2 % agarose gel to confirm the correct size of the amplicons (118, 129, 120 and 120 bp for IL-6, IL-8, GAPDH and b-actin, respectively).
Statistical analysis. Student's t-test was used to compare the differences between the means. P,0.05 was considered to be statistically significant. For the real-time quantitative PCR, the C t for each well and data acquisition were carried out by the CFX-Manager software (Bio-Rad), and the cut-off value to consider a result as positive was set to a C t value of 35. The DC t method was used for PCR array data analysis. The normalized (DC t ) for each gene of interest (GOI) was calculated by deducting the mean C t of the two housekeeping genes from the C t of each GOI. Then the double delta C t (DDC t ) for each GOI was calculated by deducting the mean DC t of GOI in the control group from the DC t of each GOI. The fold-change of each GOI compared to the control group was calculated as 2 2DDCt from the log 10 2
2DCt
. The P values were calculated based on a Student's t-test of the replicate (2 2DDCt ) values for each gene in the non-infected and infected groups. A P value less than 0.05 was considered statistically significant.
RESULTS
We decided first to study the correlation between biofilm formation and adherence to host cells by the R. equi strains in a 96-well plate static system. None of the strains tested formed biofilms in the 96-well plates. Interestingly, however, strain RE55 formed a consistent biofilm, easily visualized as a ring of cells adhered to the well, in both the 48-well plates and in the 24-well plates at the air-liquid interface after CV staining (Fig. 1a) and as observed by SEM (Fig. 1b) . Moreover, all mucoid strains showed autoagglutination, whereas non-mucoid strains did not (examples are shown in Fig. 1c ).
Microscopic observations showed that all R. equi strains displayed adherence with some bacteria invading A549 cells. Strains RE23, RE37 and 103 + showed intermediate or low adherence to epithelial cells (not shown). Strains RE55 and 103
2 showed a high degree of adherence, and we therefore focused on these two non-mucoid strains. Epithelial cells were colonized in some cases by clumped bacteria, which showed a localized pattern of adherence, or by individual bacterial cells. The adherence process in R. equi was mediated by close contact among the bacteria and the cellular microvilli, which seemed to contact bacterial cells firstly in one polar region and then extend to the entire length of the bacteria (Fig. 2a-c) . We next characterized the entry process. SEM microphotographs showed that RE55 and 103 2 were able to penetrate the A549 cells. The most frequent morphology showed a welldefined zipper-like mechanism, in which the host cell membrane was zippered around the bacterium while entering the host cell (Fig. 3a,b) . Other less frequent morphology was found, showing large invaginations, which appeared like a 'hole' in the host cell membrane (Fig. 3c-d) . After 2 h post-infection, some bacteria were already localized under the plasma membrane of A549 cells (Fig. 3e) . Invasion levels for strains 103 + and 103 2 were 0.04±0.01 % and 0.55±0.05 %, respectively, expressed as a percentage of the initial inoculum.
Intracellular survival was different for all strains tested (Fig. 4). After 24 h post-infection, strains RE55 and 103
2 were frequently seen inside vacuole-like structures (Fig. 5a) . In some instances, lysed epithelial cells were observed after infection with R. equi RE55 (Fig. 5b-d) , 103 + and 103 2 , but not with strains RE23 and RE37 (not shown).
In order to preliminarily determine the cellular mechanism that may be required for bacterial entry, cultured cells were treated with nocodazole to inhibit microtubule polymerization or with wortmannin to inhibit macropinosome formation. The RE55 invasion was reduced by nocodazole (40.6 %±17.7 of non-treated entry) and wortmannin (56.8± 4.2 % of non-treated entry). Pre-incubation of RE55 with rabbit anti-R. equi polyclonal antiserum resulted in a dramatic reduction in invasion (23.8±12.2 % of non-treated entry).
Infected lung epithelial cells upregulated the expression of chemokines, chiefly IL-8 and IL-6, after infection with R. equi. Secreted IL-1b, IL-12p70, TNF and IL-10 were not detected. The production of IL-6 and IL-8 was markedly enhanced in culture supernatants from cells infected with non-mucoid strains when compared with the non-infected controls, or with cells infected with mucoid strains (Fig. 6) . These results correlate with the real-time PCR data (Table  1) . In cells infected with non-mucoid strains, the foldregulation for the gene expression of these cytokines compared to the controls was higher and statistically significant (P,0.05 and fold change .2). One mucoid strain (RE37) showed moderate but statistically significant transcription levels for both IL-6 and IL-8 with a P,0.05 and fold change .2.
DISCUSSION
Our results on host-pathogen interactions represent an initial characterization of the ability of R. equi to invade Induction of proinflammatory cytokines by R. equi non-phagocytic cells. As adherence is often a prerequisite for the successful invasion of host cells, we decided to study the possible correlation between adherence and biofilm formation of the R. equi strains in a 96-well plate system. Interestingly, despite great heterogeneity in the degree of adhesion to epithelial cells, all R. equi strains tested were unable to form biofilms on the polystyrene surface of the U-bottomed microtitre 96-well plates. Surprisingly, only RE55 was able to form a relative dense and very stable biofilm in the 24-and 48-well plates as observed by CV staining and SEM. A recent report has shown that R. equi clinical strains are able to form biofilms on polyurethane catheter segments with structures that resemble those formed by strain RE55 in our study (Al Akhrass et al., 2012) , suggesting that biofilm formation may not be an infrequent feature for this species. Moreover, R. equi strains showed a different pattern of auto-agglutination when assayed in the 96-well microtitre plate system. All mucoid strains showed strong auto-agglutination, while nonmucoid strains did not show any auto-agglutination. The importance of auto-agglutination in virulence has been demonstrated for other pathogenic bacteria, including Aeromonas hydrophila (Paula et al., 1988) , Yersinia enterocolitica (Roggenkamp et al., 1995) , Campylobacter jejuni (Misawa & Blaser, 2000) and enteropathogenic Escherichia coli (Andersen et al., 1999) . Auto-agglutination is also a phenotype tightly associated with type IV pilus expression in N. gonorrhoeae and V. cholerae (Swanson et al., 1971; Taylor et al., 1987) . Our inability to detect the common R. equi virulence plasmid in two auto-agglutinating strains (RE37 and RE55) suggests that this phenomenon may be a chromosomally determined trait. However, the plasmid cured strain (103 2 ) acquired this phenotype, showing clearly that plasmid-less strains lost a determinant or some determinants of this characteristic. To our knowledge, the correlation between an auto-agglutinating pattern and a particular phenotype or degree of virulence in R. equi has not yet been established.
Pre-incubation of R. equi strains with a rabbit anti-R. equi polyclonal antiserum resulted in a dramatic reduction in invasion. This may be explained by the presence of antibodies on the surface of R. equi that may impair interaction between relevant surface adhesins and putative A549-cell surface receptors. Further studies will be required to identify the receptor(s) involved in the entry of R. equi into epithelial cells. Previous observations have not detected drastic actin rearrangements as part of the host cell interactions, in contrast to the interactions that occur with pathogens such as Shigella, Yersinia and Salmonella (Cossart & Sansonetti, 2004) . In the present work, we found that wortmannin, a potent inhibitor of phosphatidylinositol 3-kinase, inhibited the entry of R. equi into epithelial cells. Microtubules are a major component of the cytoskeleton, and they can be depolymerized by nocodazole. This compound also inhibited the entry of R. equi, suggesting that the phosphatidylinositol 3-kinase pathway and microtubule cytoskeleton, but not membrane ruffling or strong actin rearrangements, are important for invasion. Therefore, at the subcellular level, the entry process into epithelial cells was consistent with a zipper-like mechanism, reminiscent of that involved in the invasion of cultured epithelial cells by other pathogenic bacteria, including related corynebacteria such as Corynebacterium diphtheriae (Bertuccini et al., 2004) . On this point, although this mechanism could be expected as R. equi is a Gram-positive pathogen, the alternative 'trigger' mechanism, which is found mainly in Gram-negative bacteria producing type III and type IV secretion systems, has also been demonstrated in some Gram-positive bacteria (Nitsche-Schmitz et al., 2007; Cossart & Toledo-Arana, 2008) . Large caveolae-like invaginations developed during the internalization process, suggesting a mechanism similar to those used by other bacteria, both Gram-positive (Molinari et al., 2000; Nitsche-Schmitz et al., 2007) and Gram-negative (Sukumaran et al., 2002) . These observations may include R. equi in the group of pathogens that co-opt the caveolaemediated endocytic pathway to promote bacterial internalization into mammalian epithelial cells, but this needs to be further elucidated.
The intracellular location may be aimed mainly at the exploitation of host metabolites in order to support bacterial multiplication in a safe host compartment devoid of host defence mechanisms. In some instances, lysed epithelial cells were observed after infection with R. equi, indicating that bacteria are probably killing and exiting these cells, although the cell monolayer remained largely intact. Importantly, after 24 h of infection, key proinflammatory mediators were induced in response to intracellular R. equi non-mucoid strains. These cytokines often play a role in host defence but may also contribute to lung pathology (Cromwell et al., 1992; Pittet et al., 1997) . As R. equi mainly affects immunocompromised individuals, IL-6 secretion may be of particular importance considering it upregulates HIV-1 replication (Copeland, 2005) . This cytokine also plays an important role in controlling the dissemination of bacteria upon infection (Dube et al., 2004; Wiersinga et al., 2006; Dann et al., 2008) . The use of this cell culture model will allow comparisons of the intracellular growth mechanisms of R. equi within non-phagocytic and phagocytic cells and the induction of pro-inflammatory mediators by both cell types. The induction of IL-6 by R. equi in non-phagocytic cells is in agreement with the data obtained in murine macrophages, where strains 103 + and 103 2 were tested for the induction of IL-6 and other cytokines in vitro (Giguère & Prescott, 1998) . The slightly greater induction of cytokines observed in the plasmid-less strain, although not statistically significant, is attributed to a greater uptake by macrophages rather than to a plasmid-encoded product.
IL-8 is a potent chemokine produced by macrophages and other cell types such as epithelial cells that directs migration of neutrophils to the site of inflammation (Hoffmann et al., 2002) . Animal experiments have revealed that neutrophilic inflammation in the airways of infected mice is essential for the eradication of different pathogens from the lungs (van Faassen et al., 2007; Okuda et al., 2011) . Moreover, the connection between bacterial invasion of lung epithelial cells and the production of IL-8 was demonstrated in the pathogenesis of group B streptococci (Doran et al., 2002) , Mycoplasma pneumoniae (Yang et al., 2002) and Haemophilus influenzae (Frick et al., 2000) . The secretion of both IL-6 and IL-8 was also induced after infection with the intracellular pathogen Rickettsia conorii (Kaplanski et al., 1995) , and by the fungus Paracoccidioides brasiliensis (Maza et al., 2012) .
On the other hand, as the inflammatory response induced by R. equi in these studies was dependent on bacterial invasion and intracellular survival, the less invasive and mucoid strains may have been preventing the secretion of pro-inflammatory cytokines and chemokines by lung epithelial cells, and hence the activation of the innate immune system. New knowledge through a deeper study on the modulation and regulation of cytokines, chemokines and their receptors in epithelial cells by R. equi may prove helpful in understanding the pathogenesis of this bacterium.
